Abstract. Prostate cancer is one of the most commonly diagnosed cancers in men. The number of affected men is expected to rapidly increase as the population of males over the age of 50 grows worldwide. For patients who are not cured by local treatment and experience metastatic disease, neither androgen ablation nor chemotherapy can abrogate progression and death from androgen-independent/hormonerefractory disease. Therefore, finding strategies for the prevention of prostate cancer initiation and disease progression is a medical challenge. Consumption of cruciferous vegetables has been reported to be associated with reduced incidence of prostate cancer cases. The isothiocyanates, including phenethyl isothiocyanate (PEITC), from cruciferous vegetables have been demonstrated as active components responsible for chemoprevention. In this review, we summarize the recent findings of PEITC on prostate cancer prevention with an emphasis on epigenetic mechanisms. Studies have indicated that PEITC mediates gene regulation, such as downregulation of androgen receptor expression and induction of endogenous cyclin-dependent kinase inhibitors, p21 and p27. The gene for detoxifying enzyme π-class glutathione S-transferase (GSTP1), silenced in the vast majority of prostate tumor cells, could be reactivated and the enzymatic function recovered. This may be through epigenetic mechanisms as PEITC is a dual inhibitor of histone deacetylases and aberrant CpG island methylation of various genes. The epigenetic regulation may play a critical role, along with interactive mechanisms including the disruption of microtubule polymerization, in prostate cancer prevention by PEITC. These mechanisms target and correct the aberrations fundamental to the initiation and progression of carcinogenesis in cells, and restoring the cells to a more normal state. Inhibiting and eliminating cancer cells forms the basis of cancer prevention.
Introduction
Prostate cancer is the most commonly diagnosed cancer in men in the US. There were an expected 192,280 new cases and 27,360 deaths from prostate cancer in 2009 (1) . Prostate cancer is usually found in elderly men. The prevalence of prostatic intraepithelial neoplasia and proliferative inflammatory atrophy, which are believed to be precursors of prostate cancers, may have a long latency period of ten or more years before developing into invasive carcinomas (2, 3) . Such factors lend credence to the growing belief that any delay in the time course of neoplastic development, achieved through pharmacological, hormonal and nutritional intervention, could result in a substantial reduction in the incidence of tumors. Even a modest reduction in the slope of the cancer latency curve could delay the onset and the effects of prostate cancer in individuals at risk for the disease. In addition, the limited success of current treatments for most advanced prostate cancer highlights the importance of cancer prevention. Therefore, the development of strategies for the prevention of prostate cancer appears to be a practical goal that may lead to a reduction in the incidence, morbidity and mortality associated with the disease. As such, more than a dozen classes of natural and synthetic novel agents are in clinical evaluation and hold Prostate cancer chemopreventive activity of phenethyl isothiocyanate through epigenetic regulation (Review) LONG G. WANG 1 and J.W. CHIAO promise for preventing the development of clinically aggressive prostate cancers (3, 4) . In addition to genetic alteration, epigenetic mechanisms have recently been described as important factors contributing to the carcinogenesis and progression of prostate cancer. Epigenetic regulation, defined as heritable changes in gene expression that occur without changes in DNA sequence, include DNA hypermethylation and hypomethylation, and histone modifications. In this review we attempt to summarize the findings concerning isothiocyanates, which are present naturally in cruciferous vegetables, in particular phenethyl isothiocyanate (PEITC), in prostate cancer prevention and their role in epigenetic regulation.
Consumption of Brassica vegetables reduces prostate cancer risk
There is epidemiological evidence that the incidence of prostate cancer varies in different regions of the world. As populations move to high-risk areas, they assume the risk of that geographic region (5-8). Substantial differences exist in age-adjusted incidence and mortality between East Asia, Northwest Europe and North America. However, these differences are not caused predominantly by genetic differences between populations; therefore, one may infer a relationship of environment and diet to the cancer risk.
A review by Kristal and Lampe (9) indicated that the epidemiological literature provides modest to strong support for the hypothesis that a high intake of Brassica vegetables reduces prostate cancer risk. The crucifereous vegetables include the Brassica family, and examples are broccoli, cabbage, Brussels sprouts, kale, mustard, watercress and cauliflower. One of the epidemiological studies involved a populationbased case-control study of men under 65 years of age. This study showed that three or more servings of cruciferous vegetables per week was a significant factor in reducing prostate cancer cases as compared to that of one serving or less per week (10) . Another study involved a multicenter casecontrol study of African-American, Caucasian, Japanese and Chinese men. The results of this study convincingly showed that an intake of cruciferous vegetables was inversely related to prostate cancer cases, particularly to advanced cases (P for trend = 0.006). The findings were generally consistent across ethnic groups (11) . The conclusions suggest that the effects may not only be limited to preventing the initiation of prostate cancer, but may also inhibit the progression of the disease.
Isothiocyanates have been identified as the active components present in Brassica vegetables that act against prostate cancer. The isothiocyanates occur naturally as thioglucoside conjugates, i.e., glucosinolates, in a wide variety of cruciferous vegetables (12) . Isothiocyanates are released from glucosinolates by the hydrolytic action of the enzyme myrosinase when the plant tissues are crushed or masticated (13) . Hydrolysis of the glucosinolate, gluconasturtin, found in high amounts in watercress, yields phenethyl isothiocyanate (PEITC). Isothiocyanates have been shown to have potent cancer chemopreventive activity in several experimental models as well as in humans. These models include cancers of the lung, mammary gland, esophagus, liver, pancreas, fore-stomach, small intestine, colon and bladder of mice, rats, and other rodents and colon cancer in humans (14) (15) (16) (17) . Initially, the modes of action of isothiocyanates have been described as inhibitors of phase I enzyme CYP450 and inducers of phase II detoxification enzymes such as glutathione S-transferase and NAD(P)H guinone reductase, thereby blocking the metabolic activation of procarcinogens and facilitating carcinogen excretion. Chiao et al provided the first report demonstrating that isothiocyanates and their metabolites can mediate other functions including growth inhibition and apoptosis induction in prostate cancer cells, indicating that they are also effective at the post-initiation progression stages of carcinogenesis (18) .
Downregulation of AR expression by PEITC through epigenetic mechanisms
By far the most extensively studied transcriptional factor in prostate cancer is the androgen receptor (AR). Abnormalities of AR expression and activity in prostate cancer are caused by both genetic and epigenetic mechanisms. Genetic alterations include point mutations at transcriptional activation or the ligand-binding domains and gene amplifications, which are not the major focus of this review. Epigenetic mechanisms comprise changes in AR transcription due to CpG island hypermethylation and changes in AR protein levels caused by altered posttranslational degradation. In addition, epigenetic changes also occur in AR signaling through its coactivators or corepressors, or its interacting partners of other transcriptional factors that are altered epigenetically.
In pathological analyses, a significant loss of AR expression has been observed in prostate tumors for which AR methylation may be accountable. It has been reported that methylation of several consensus sequences in the AR minimal promoter region are strongly associated with the loss of AR expression in metastatic hormone-independent prostate cancer cell lines (19, 20) . In clinical tumor tissues, the silencing of AR was also found to correlate with hypermethylation of the AR promoter. While there was no methylation in normal and primary prostate cancers that expressed the AR, 27% of tumors obtained from men who died from hormone refractory disease demonstrated a significant loss of AR expression, and 50% of these AR-negative tumors had a methylated AR (19) .
In contrast, the common denominator in prostate cancer progression for the vast majority of cases is sustained or increased expression and activity of the AR in androgendeprived conditions (21) (22) (23) . While genetic mechanisms such as AR gene mutation and amplification of the wild-type AR have been demonstrated to be involved, epigenetic alterations also have a critical role in elevated AR activities.
Gao et al recently established an androgen-independent (AI) sub-line of prostate carcinoma LNCaP that strongly overexpresses the AR (24) . These ARs are functional, phosphorylated and, at a high level, inhibit the expression of the p21 WAF1/CIP1 gene (25) . Such activity may promote hormoneindependent growth and resistance to apoptosis in response to chemotherapeutic agents (24, 25) . Using this cell line, a novel AR suppressor sequence (ARS) in the 5'-untranslated region of the AR gene was identified, and the accumulated data, to-date, demonstrated the existence of a repressor(s) (suppressor) that controls normal AR expression. Loss of this suppressor expression may be the basis of the switch of prostate cancer cells from a hormone dependent (AD) to an independent phase (AI). Significantly, it has been found that this suppressor protein(s) could be induced to re-express in AI cells through histone deacetylase inhibitors, such as trichostatin A, sodium butyrate or suberoylanilide hydroxamic acid (SAHA). Consequently, a normal AR function was restored as indicated by regaining an androgen-dependent phenotype and apoptotic sensitivity to chemotherapeutic agents (24) (25) (26) (27) . Consistent with these findings, histone deacetylase inhibitors LAQ824 and SAHA have also been reported to repress AR at both the transcriptional and posttranslational levels (28, 29) .
Moreover, it has been found that the AR is controlled epigenetically at the posttranslational level. AR belongs to a superfamily of nuclear receptors that requires the action of molecular chaperones for folding and hormone binding (30) . The C-terminal Hsp-interacting protein (Chip) is a cochaperone that interacts with Hsp70 and Hsp90 molecular chaperones via a tetratricopeptide domain and inhibits chaperone-dependent protein folding in vitro. Chip was also found to stimulate protein degradation by acting as an E3 ubiquitin ligase via a modified ring finger domain called a U box. Chip overexpression was found to lead to a large decrease in AR steady state levels and increased levels of AR ubiquitinylation (31). Chen et al (29) reported that, while the histone deacetylase inhibitor LAQ824 repressed AR transcription, LAQ824 also stimulated AR degradation via inactivation of the Hsp90 molecular chaperone. The inactivation by LAQ824 was due to an enhanced acetylation of Hsp90, thereby inhibiting its ATP binding activity.
PEITC as HDAC inhibitor.
We showed that, similar to other isothiocyanates such as sulforaphane (32) , PEITC also is a histone deacetylase inhibitor (33, 34) . Exposure of prostate cancer LNCaP cells to PEITC reduced the activity and levels of histone deacetylases (HDACs) and induced selective histone acetylation and methylation changes for chromatin unfolding. Compared to untreated control cells, a greater than 2-fold increase in acetylated histone H3 was noted with 1 μM PEITC. PEITC selectively increased the level of mono/di/ trimethylation at lysine 4 of histone H3 while decreasing the level of trimethylated lysine 9 of H3. The effect of PEITC for decreasing methylation at H3K9 was found to be stronger than that of sodium butyrate, a known HDAC inhibitor used as a control.
Consequently, similar to other histone deacetylase inhibitors (28, 29) , PEITC significantly downregulated the AR at both the transcriptional and posttranslational levels (35) . It repressed AR transcription via inhibition of the transcription factor Sp1 and reduced AR protein by accelerating protein degradation. As a result, PEITC induced a significant growth inhibition with equal IC 50 in both LNCaP AD and LNCaP AI cells.
Restoration of GSTP1 expression by PEITC via CpG island demethylation
Transcriptional silencing of genes due to hypermethylation of CpG islands in the promoter region of genes has been reported in nearly every type of human tumor. Hypermethylation and silencing of genes involved in DNA repair (e.g. MGMT and hMLH1) or detoxification (GSTP1) result in DNA mutation or inflammation (36) (37) (38) . A broad spectrum of other genes are frequently hypermethylated in cancers, including those associated with cell cycle regulation, apoptosis, angiogenesis, and invasion and metastasis (36, 37, (39) (40) (41) (42) .
Prostate cancer is characterized by the loss of expression of the π-class glutathione-S-transferase (GSTP1), which encodes a detoxifying phase II enzyme facilitating the removal of toxins. More than 95% of clinical prostate tumors lack GSTP1, which is considered as a risk factor for the disease (43, 44) . Methylation of other genes, including RARß2, RARß4, RASSF1A, CDH13, APC, CDH1 and FHIT has also been reported in prostate cancers (45, 46) . We recently demonstrated that several genes, including p21, Bax, PSA and the AR suppressor (ARS) were repressed in androgenindependent but not in androgen-dependent cells. The silencing of PSA and ARS has been shown to be the likely result of CpG island methylation (25, 27) . The silencing of p21, Bax and ARS may also be associated with both the drug resistance of cancer cells to chemotherapeutic agents and the androgen-independent progression of the disease (25, 27, 47) . Thus, restoration of the expression of silenced genes, via demethylation of the CpG island, may correct the aberrations associated with carcinogenesis and may prevent androgenindependent progression. PEITC has been recognized as an inducer of phase II detoxification enzymes, GSTs (48, 49) . To investigate the mechanism of PEITC to induce GSTP1, LNCaP AD and its sub-line LNCaP AI (24, 25, 27) were exposed to PEITC. The status of the methylated and the unmethylated forms of GSTP1 was measured by methylation-specific PCR (MSP) (50, 51) and quantified by pyrosequencing. The cell lines were also exposed to a DNA methylation inhibitor 5-Aza-2'-deoxycytidine (5'-Aza) which is capable of restoring the expression of GSTP1 by demethylation (38, 46) . As expected, no basal level of the unmethylated form of CpG island methylation of the GSTP1 was detected in both AD and AI cells by MSP. However, it became detectable after exposure of the cells to PEITC (1.0-2.0 μM) in a concentration-dependent manner. The demethylation effects of PEITC were similar to those after exposure to 5'-Aza. Pyrosequencing analysis showed that, in comparison with normal prostate tissues, the CpG island at two indicated positions was heavily methylated in AD cells (C: 89.5 and 61.8% respectively) (33) . After exposure to 2 μM of PEITC for 5 days, however, the methylated CpG island at both positions was significantly decreased from 89.5 to 73.2% at position 1, and from 61.8 to 6.5% at position 2. The effect of PEITC-mediated demethylation was found to be stronger than that of 5'-Aza (5 μM) under the same experimental conditions. After exposure to 5 μM of 5'-Aza for 5 days, the methylated CGI deceased from 89.5 to 78.3% at position 1, and from 61.8 to 37.7% at position 2 in AD cells. Consequently, a significant increase in the level of GSTP1 protein and >5-fold enzyme activity was observed in both AD and AI cells after exposure to 1 μM of PEITC for 5 days. Thus, our data indicate that, similar to 5'-Aza, PEITC is a potent methylation inhibitor, not only in androgen-dependent, but also in androgen-independent cells, which reactivates and restores the function of the GSTP1 gene (33).
PEITC inhibits prostate tumors and CGI methylation of the MGMT gene in TRAMP mice
We evaluated whether PEITC is a potential agent for preventing and inhibiting prostate cancer using a model of TRAMP transgenic mice which form spontaneous prostate tumors. The experimental group of mice, each 6 weeks old, was administered 15 μmol PEITC prepared in corn oil daily by gavage for 13 weeks. The control group received corn oil without PEITC as a vehicle control.
During the experimental period and at necropsy, the body weight of the experimental mice did not show a greater than 10% difference from the control group. The weight of spleens and livers from PEITC-treated and untreated mice were nearly identical, suggesting that there was no overt toxicity with the PEITC feeding.
At necropsy after 13 weeks of feeding, multiple sections of the prostate lobes of the TRAMP mice were prepared and examined by an independent pathologist. Among the untreated mice, 70% of the prostate glands were normal. They were typically lined by a single layer of cubiodal epithelial cells with small nuclei and inconspicuous nucleoli (Fig. 1A) . Ten percent of the glands demonstrated high-grade prostatic intraepithelial neoplasia (PIN) with papillary projections lined by epithelial cells with prominent nucleoli (Fig. 1B, lower  right corner) . In addition, foci of adenocarcinoma arising from a background of PIN were evident (upper left corner). Twenty percent of the examined glands revealed well-differentiated adenocarcinoma characterized by cribriform architecture, packed with small crowded glands with neoplastic cells characterized by somewhat vesicular nuclei and small prominent nucleoli (Fig. 1C) . Among the prostate glands from the PEITC-treated mice, 93% were normal. Five percent of the glands showed focal adenocarcinoma, with 3.8% arising from a background of PIN (Fig. 1D) . In contrast to the mice without PEITC treatment, some carcinoma glands were located adjacent to normal epithelium (Fig. 1E) . Only 2% of the glands demonstrated cribriform structure with adenocarcinomas (Fig. 1F) . These results demonstrated that PEITC is effective in inhibiting the development of prostate tumors in TRAMP mice.
The status of CGI methylation of the DNA repair gene O(6)-methylguanine-DNA methyltransferase (MGMT) was examined, using DNA extracted from prostate tissues of TRAMP mice treated or untreated with PEITC, or from wild-type C57BL mice used as normal controls. Upon MPS, (Fig. 1G) methylated MGMT was only noted in the untreated mice, and not in the normal controls or PEITC-treated mice. This indicated that the CGI hypermethylation occurring at the early stage of prostate carcinogenesis could be completely inhibited with PEITC treatment.
Overexpression of DNA methyltransferase 1 (DNMT1), which enzymatically methylates DNA in mouse embryonic stem cells, is capable of inducing genomic DNA hypermethylation and the loss of imprinting (52) . To analyze the basis of inhibiting DNA hypermethylation by PEITC, the effects of dietary feeding of PEITC on the expression of DNMT1 in a cyproterone and testosterone-primed Wistar rat model was evaluated. In the testosterone-primed prostates, cellular proliferation was stimulated with a significant increase in the cyclins D1 and E, cdk2 and a decrease in p27. Concomitantly, Rb was inactivated as shown by an increase in Rb phosphorylation (54) . Inactivation of Rb leads to enhanced activity of E2F1, thereby activating downstream target DNMT1 transcription. This is because DNMT1 is complexed directly with Rb, E2F1 and HDAC1 to mediate DNA methylation, and the promoter of DNMT1 is regulated by Rb/E2F1 (53) . Consequently, the expression of DNMT1 was clearly enhanced in the prostates after testosterone priming. Both the enhancement of DNMT1 and proliferation were negated by the feeding of PEITC at 5 mg/kg, revealing a mechanism of inhibiting DNA methylation.
Induction of endogenous cdk inhibitors by PEITC
Tumorigenesis is characterized by aberrant regulation of cell proliferation due to a chronic loss of the integration and coordination of extracellular signals within the cell cycle machinery. While aberrantly elevated activity of cyclindependent kinases (cdks) is a common defect in human cancers, endogenous cdk inhibitors, such as p16, p21 and p27 are often epigenetically silenced, which have recently been implicated in the development of hormone refractory prostate cancer (55, 56) . Induction of the cdk inhibitors is associated with the growth inhibition of hormone refractory prostate cancer and restored responses to hormone-and chemotherapies (25, 57) .
The strong genetic and epigenetic link between cdks and carcinogenesis has provided the rationale for developing small-molecule inhibitors of cdks, for both treatment and prevention of cancers (58) . Bakshi et al (59) explored the signaling mechanism of a unique natural antioxidant derived from spinach extract (NAO) in the chemoprevention of prostate cancer. Using human PC3 prostate cancer cells they found that NAO and two derived components achieved a significant increase in the p21 level while the expression of cyclin A and cdk-2 was reduced.
We described that isothiocyanates and their metabolites inhibit the levels and activities of cdk/cyclins and activate the cdk inhibitor p21 in prostate cancer cells (60, 61) . To elucidate the mechanisms, we explored the epigenetic regulation on chromatin remodeling. Chromatin immunoprecipitation assay showed that acetylation of histone is associated with TATA box of the p21 promoter after PEITC treatment. In parallel, PEITC significantly enhanced histone acetylation and induced selective modification of histone methylation for chromatin remodeling. These observations strongly suggest that the upregulation of p21 transcription was likely due to an increased accessibility of the transcription factors to the p21 promoter. Additionally, PEITC was found to significantly inhibit the expression of c-Myc, which served as a repressor of p21 transcription. Pull-down assays using Sp1 affinity oligo beads of the p21 promoter showed that there was a decreased c-Myc binding to the Sp1 transcriptional complexes in the p21 promoter, resulting in reduced p21 repression (34).
Summary and conclusions
Inhibition of CpG DNA methylation in the promoter and modification of histone acetylation/methylation as cytoprotective mechanisms. Isothiocyanates, including PEITC, are potent chemopreventive agents. One well-documented mechanism involves the alteration of carcinogen metabolism and facilitation of their excretion, thus protecting cells from the assaults of carcinogens (62) . Isothiocyanates have since been demonstrated capable of inhibiting post-initiation progression of carcinogenesis. They mediate growth arrest and apoptosis in cancer cells (18) , and some isothiocyanates bind directly to tubulins, disrupting microtubule polymerization and inducing mitotic arrest (63) . Multiple and interactive mechanisms, including epigenetic regulation, may be involved in the preventive and therapeutic effects of PEITC on cancers. Gene silencing through hypermethylation is mediated by a series of events, which include methylation of cytosines within the gene promoter and the establishment of heterochromatins in which the histone tails are modified through acetylation, phosphorylation, methylation and ubiquitylation (64, 65) . The fact that pharmacological agents can reverse the process of epigenetically mediated gene silencing makes it an ideal target for prevention. Moreover, synergistic re-expression of silenced genes can be achieved by a combination of DNA demethylation and histone deacetylase inhibition (6) . We recently demonstrated, for the first time to our knowledge, that PEITC reverses CGI hypermethylation of the GSTP1 gene and restores its detoxifying function in human prostate cancer cells while significantly inhibiting histone deacetylases and enhancing acetylation of histones (33) . Unlike the known inhibitors for DNA methylation or HDACs that modify either DNA or histones, but not both, PEITC inhibits DNA methylation and HDAC concurrently. The simultaneous actions provide unique crosstalk between the DNA and chromatins. The reactivation of GSTP1, which is otherwise silenced in the vast majority of prostate tumors, has revealed a novel mechanism unique to prostate cancer chemoprevention and chemotherapy. This hypothesis is schematically presented in Fig. 2 .
Unique also to prostate cancer is that PEITC downregulates the transcriptional factor Sp1, a regulator of AR expression. Lowered AR expression reduces testosterone activity, attenuating the growth of prostate cancer cells. Together, these findings reveal the effects of PEITC in targeting and correcting the aberrations that are fundamental to the initiation and progression of prostate carcinogenesis. They illustrate the basis of prostate cancer prevention by isothiocyanates and cruciferous vegetables.
